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COMBUSTION-CHAMBER PERFORMANCE WITH FOUR FUELS IN
BUMBLEEEE 18-INCH RAM JET INCORPORATING VARIOUS
RAKE- OR GUTTER-TYFE FLAME HOLDERS

By Ephraim M. Howard, Fred A. Wilcox
and Devid T. Dupree

SUMMARY

The effects of using various fuele and several rake- or gutter-
type flame-holder configurations in & Bumblebee 18-inch ram jet are
presented and discussed. Studles were made in the Lewis alti-
tude wind tunnel at pressure altitudes from 10,000 to 35,000 feet
and at ram-pressure ratios egulvalent to free-stream Mach numbers
from 0.49 to 1.46.

Best performance was obtained with & rake-type flame holder,
which has alternate rakes conmected to the pllot combustion-chamber
outlet by gutters. The three rekes that were connected by gutters
to the pillot-combustion-chamber outlet appear to have been more
effective as flame holders than the other three rakes.

Use of propylene oxide or a blend of 25-percent propylene oxlde
and 75-percent kerosene rather than kerosene as fuel resulted In
increased combustion efficlency and better steblility of combustion.
When propylene oxide was used, ignition at higher values of
cambustion-chamber-inlet velocity and & wider range of operable fuel-
air ratio were obtalned than with kerosene. At a fuel-air ratio of
about 0,070, the combuetion efficlency was ralsed from an approxi-
mate value of 59 percent to 85 percent when the fuel was changed from
kerosene to propylene oxide in the configuration,which included the
rake-type flame holder described above.

The combustion efficliency increased as the combustion-chamber-
inlet static temperature wes raised from & value of 35° to 130° F.
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INTRODUCTION

In order to determine the altitude performance and operating
range of a Bumblebee 18-Inch ram Jet, & detailed Investigation under
controlled conditions of pressure altitude and equivalent free-
stream Mech number was conducted in the NACA Lewis altitude
wind tunnel.

An extenslive study was conducted to determine the performance
with rake-, gutter-, and can-type flame holders with several fuels.
.The burners, each consisting of a fuel-injection system, flame
holder, and a combustion chamber, were developed as & part of the
Bunblebee project conducted by the Applied Physics Laboratory,
Johns Hopkins University, and have satisfactorily performed in sea-
level investigations (unpublished). Operational date for the ram
Jet under choking conditions with the best can- and rake-type flame
holders are presented In references 1 and 2, respectlively.

The results presented herein were obtalned from an analysis
of combustion-chamber performance with 3 rake- and 5 gutter-type
flame holders and four fuels. Combustion-chamber performance data
are presented in terms of combustlion efficiency and gas total-
temperature ratio across the engine. Operable ranges of fuel-air
ratio, pressure surveys at three stations, and effects of combustlon-
chamber-inlet conditions on operation and efficiency are included.
Comparisons are made between operation with AN-F-32, hereinafter
called kerosene, gasoline, propylene oxide, and a mixture of
75-percent kerosene and 25-percent propylene oxide.

APPARATUS AND PROCEDURE

The Bumblebee 18-inch ram jet used in this investligatlion wes
mounted above a wing that extended across the 20-foot-diameter test
section of the NACA Lewis altitude wind tunnel (fig. 1).
Diffuser-inlet preasures corresponding to those encountered in
flight were obtained by introducing, from the tunnel meke-up air
system, air that was throttled from approximately sea~-level pressure
to the desired pressure at the engine Inlet. Varlous ram-pressure
ratios across the engine were cobtained either by changing the pres-
sure eltitude in the tunnel or by varying the total pressure of
inlet air. The temperature of the inlet air was controlled between
32° and 150° F according to the conditions desired. Measurement of
thruat with the wind-tumnel balance system wes made possible by
incorporation of a sealed slip Joint between the meke-up alr duct
and the ram-jet diffuser inlet. In order to permit visual observa-
tion of the combustion-chamber interior during operation, a peri-
scope was mounted in the tunnel test section downstream of the rem Jet.

NS IENTIXY,
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The mein components of the ram Jet, which 1s described in detall
in reference 1, are a subsonic diffuser contalnling & center body
and a burner comsisting of a fuel-injection system and a flams holder,
and a combustion chamber. The dlameter of the diffuser at the inlet
is 11.5 inches, the over-all length 1s 9.54 feet, and the dlffuser
ratio is 1l.64. The 1l8-inch-dlameter combustion chamber has several
sections. A 1.33-foot uncooled section was used between the
cambustion-chamber inlet and the flame holder and a 4.29-foot water-
cooled section was mounted downstream. When two-stage flame holders
were used, the combustion chamber could be varied Iln length from
5.62 to 7.12 feet by means of 0.75-, 1.25-, and 1.50-foot sections
inserted dbetween stages. For the long cambustion chamber, an
uncooled 4-foot section was inserted between the flame holder and
the water-cooled section %o gilve an over-all lemngth of 9.62 feet.
For most of the data presented,, the combustion-chamber-outlet
diameter was 17.50 inches; however, for some configurations a plate
with a 14.75-inch-dlameter orifice was mounted at the combustion-
chamber outlet.

A low-pressure fuel-distribution system, descridbed in refer-
ence 3, was located in the rear sectlon of the diffuser center body
epproximetely 1.1 feet ahead of the combustion-chamber inlet (fig. 2).
This system was designed to distribute the fuel evenly to a number
of fuel-injection tubes over & wide range of fuel flows with small
changes in fuel-injection pressure. Forty fuel-injection tubes were
mounted in eight removable groups of five tubes; each group 1s
designated a fuel pattern. Fuel patiterns 1, 4, and 3P, which are
described in references 1 and 2, were used. Numerical designations
for the fuel-injection patterms and fleme holders conform to those
used by the Applied Physics Laboratory of John Hopkins University.
Schematic diagrams are shown for fuel patterns 1 and 4 and fuel
patterns 4 and 3P 1n figure 3.

Ignition was obteined by & vortex-type pllot burner attached
to the downstream end of the diffuser center body. Two ducts bullt
into the diffuser center body supplied the pllot burmer wlth air.
This air was discharged into the pilot burmer through two 45° pipe
elbows, which gave a vortex motion to the air (reference 2). The
combustion chamber of the vortex-type pilot consists of & truncated
cone 16 inches long that expands in diameter from 6 inches at the
upstream end to 7 inches at the downstream end. Fuel 1s supplied
to the pilot dburner through & commercial spray nozzle that operates
at approximately its rated dellvery of 21.5 gallons per hour at &
pressure drop of 100 pounds per square inch. The fuel-alr mixture
in the pilot burnmer is ignited by a spark plug and the pilot burner
was continuously operated during the investigatlon. A tube through
which hydrogen was injected was included to &id ignition when

necessary (reference 2).
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The flame holders are shown in figures 4 to 7. The rake-type
flame holders are shown in figures 4 and 5. Single-stage flame
holder 71-7 (fig. 4) is described in reference 2. This configura-
tion has three gutters, inclined at an angle of about 45°, which
connect three alternate rakes toc a center ring that fits over the
end of the pilot combustion chamber. Similar flame holders used
only in the second stage of two-gtage flame holders are shown in
figure S. Flame holder 71-4B (fig. 5(a)), which is a modification
of the conflguration described in reference 4, has six flared-tube
rakes alternately connected by gutters and bars. The bars are of
solid metal 1.25 inches thick to lessen the danger of dburning away
in the flames originating upstream. The modified 71-4B flame
holder (fig. 5(b)) has two 0.5-inch plates welded on each of the
three bars to Increase the blocking area.

The gutter-type flame holders used in the investigation are
shown in figures 6 and 7. The flame holders shown in figure 6 were
used either alone or as the firast stage of two-stage flame holders.
Flame holder 80 (fig. 6(a)) coneists of three 1.75-inch gutters
connected to a center ring that fits over the pllot cambustion
chamber. Flame holder 80-1 (fig. 6(b)) is the same basic type
with three 4.25-inch gutters. The flame holder of figure 6(c) has
slx 2.75~inch gutters connected to a center ring. The flame holders
shown in figure 7 were used only as downstream stages of two-stage
flame holders. Flame holder 79 (fig. 7(a)) consists of three
4,.25-inch gutters arrenged in a Y shape. The flame holder showm
in figure 7(b) 1s made of six scoops mounted on the combustion-
chamber wall, which proJject about halfway to the center of the
cambustion chanmber.

The fuels investigated for use in the main burner were
AN-F-32 (hereinafter called kerosene), AN-F-22 (which is a
62-octane gasoline) » bropylens oxide, and & mixture of 25-perocent
propylene oxide and 75-percent kerosene. Inasmuch as several
batches of kerosene were used, the ranges of properties of this fuel
and some properties of each fuel are listed in the following table:

1022
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Fuel Heating |Approxi-| Specific |[Boiling |Approxi-
value mate gravity point mate
(Btu/1b)| stoichi- (°m) flash
ometric point
fuel-air (°F)
ratio
Kerosene (AN-F-32)| 18,500 | 0.068 [0.792-0.835]|2362-382] 110
Gasoline (AN-F-22)| 19,000 | 0.067 0.704 2184 -10
Propylene oxide 13,075 | 0.105 0.831 93 -35
25-percent 17,144 | 0.077 |0.802-0.834|2351-374|~-ceeana-

propylene oxide
plus 75-percent
kerosene

a50-7"J'e:t'ce:c:rl:. point.

In order to obtaln better starting characteristics and & wider range
of pllot stabllity than afforded by kerosene, propylene oxide was
used as the pilot fuel.

Alr flow through the engine was calculated from measurements
of total and static pressures and indicated temperatures obtained
with survey rakes mounted in the diffuser inlet.
wall statlic pressures measured at the combustion-chember inlet were

used to compute combustlion-chamber-inlet velocitiles.

The air

fiow and

As an alternate

to the wind-tunnel balance system, & water-cooled combustlion-~-chamber-
outlet rake of total- and statlc-pressure tubes was a2lso umsed to
determine the Jet thrust.

A rotameter was used to measure fuel flow to the maln burner
and fuel flow to the pilot burner was determined from the pressure

drop across the pilot fuel nozzle.

computations incliuded pilot as well a&s main-burner fuel.

The fuel fiows used in all

Cambustion efficiency and gas total-temperature ratio were
computed by methods outlined in references S and 6 and included the

heat lost to the combustion-chamber cooling water.

This heat loss

wasg determined from measurements of water flow and temperature rise

of the water.

The sum of the pressure loss that would occur acroes

2 normal shock at the throat of a convergent-divergent diffuser of
optimum contraction ratio and the measured diffuser-inlet total pres-
sure was used as the equivalent free-stream total pressure in the
computation of equivalent free-stream Mach number.

SR TR
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Total-pressure losses across the burner were determined from
total pressures measured with rakes behind the fuel injector and at
the combustiomn-chamber outlet. A rake ahead of the fuel injector

was used to determine the distribution of pressures at that locatiomn.

Data were obtained at approximate pressure altitudes from
10,000 to 35,000 feet and equivalent free-stream Mach numbers from
0.4S to 1.46 over a range of combustion-chamber-inlet static tem-
peratures, static pressures, and operable fuel-air ratica. When
possible, lean and rich blow-out points were determined.

SIMBOLS

The following symbols are used in this report:
f/a fuel-air ratio
M Mach number
AP total pressure drop, pounds per square foot
static pressure, pounds per square foot absolute
dynamic pressure, pounds per square foot
total temperature, °R

static temperature, °F

4 ¢ H o u

veloclty, feet per second

Ty cambustion efficlency, percent

T ratio of gas total temperature at combustion-chamber outlet
to gas total temperature at diffuser inlet, T,/T;

Subascripts:

(4] equlvalent free-stream conditions

1l subsonic-diffuser inlet

2 combustion-chamber inlet

4 combustion-chamber outlet

ANRIRRYTIAY
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RESULTS AND DISCUSSIOR

Combustion-chamber performence data for a Bumblebee 18-inch
ram Jet with various configurations operated over ranges of fuel-
alr ratio are presented and discussed. Comparisons are made to
show effects of operation with four fuels and with several combustion-
chamber-inlet conditions of stetic temperature, static preassure,
veloclty, and fuel-air ratio. Ranges of combustion-chamber-inlet
variables over which the englne wes operated with some of the flame
holders investigated are shown in table I. Also shown are the fuel-
alr ratios at the lean and rich blow-out comditions and the con-
comltant combustion-chamber-inlet variables.

Operation of Various Burner Configurations

Best performance was obtalned with the configuration in which
rake-type flame holder 71-7 end fuel patterns 1 and 4 were used.
Stable combustion, as defined by regularlity or steadiness of opera-
tion without tendency to blow out within the operable range of fuel-
air ratio, as well as smoothness and high efflciency, were obtained
with kerosene as fuel. When fuel patterns 4 and 3P were substituted,
however, unsteble and rough burning and a narrow opermble range of
fuel-air ratio resulted. The three rakes commected by gutters to
the center ring were apparently subjected to higher temperatures than
the other three rakes and were burned (fig. 4(b)); the other rakes
were only lightly sooted, which indicates less complete burning of
the fuel and concomitant lower rake temperatures. Visual observa-
tions made with the periscope installation also showed that sometimes
only the three rakes connected +to the center ring held flames. The
use of a gutter to comnect each rake to the pllot combustion chamber
wvhen rake-type flame holders are used thus appears desirable.

Rake-type fleme holders 71-4B and modified 71-4B (fig. 5) were
also investigated. Each of these flame holders was used as a
secondary stage or downstream flame holder in conjunction with a
gutter-type flame holder used upstream. Unstable operation was
obtained with either 80 and 71-4B or 80 and modified 71-4B flame
holders. Inapprecilable differences were noted in combustion
stabllity or gas total-temperature ratio when gasoline was ueed as
fuel with flame holders 80 and 71-4B. With gasollne, however, the
minimum operable fuel-air ratio was lower than with kerosene. No
operation was obtained with flame holders 80 and 71-4B without
combustion-chamber-outlet restriction. Operation was obtalned when
the values of combustion-chember-inlet veloclty were reduced by
restriction of the combustion-chamber-outlet diameter to 14.75 inches .

WO RN
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by means of the orifice plate, which was used when the gasoline and
l(:erosene)were being compared, but combustion was rough and unstable
table I).

Operation was somewhat improved when the 4.25-inch-gutter flame
holder 80-1 was substituted for the l.75-inch-gutter flame holder
80 upstream of 71-4B. Burning was stlll rough, however, and there
wvas some tendency for the flames to be held only on the upstream or
firet stage. The belief that some of the Inatability was caused by
the secondary stage being Inoperative was confirmed by visual
observation. Installation of orifices 1n the fuel-Injector tubes to
ralse the fuel-discharge pressure to about 50 pounds per square inch
gage produced no appreciable effect other than & slight Increase in
combustion stability. Changlng the distence between flame-holder
stages from 9 to 15 inches and then to 18 inches also made no
appreciable difference in stability of combustion. Subatitution
of fuel patterns 4 and 3P for 1 and 4 did not change stability of
combustion, but did increase the range of operable fuel-alr ratio.
When the fuel was changed from kerosene to a blend of 25-percent
propylene oxide and 7S5-percent kerosene, however, both stabllity and
smoothneas of burning were greatly improved.

Low combustion efficiency resulted when 4.25-inch-gutter flame
holders 80-1 and 79 were conourrently used with fuel patterns 1 and 4.
Experiments mede to determine the effect of changing relatlive
orientations of the two flame holders showed Ilnappreciable differences
in operation. Poasitions Investigated were: the gutters of 79 directly
behind those of 80-1, the gutters of 79 rotated 30° from the first
position, and the gutters of 79 bisecting the angles formed by those
of 80-1.

The use of the configuration with 80-1 and six scoops resulted
in very rough operation and low combustion efficlency. The use of
flame holder 80-1 as & single-stage flame holder resulted in smooth
operation over a wide range of fuel-air ratios, but combustion effi-
clency was low (15 to 21 percent) over the entire range. TUse of the
gix-redial-gutter flame holder as & single-stage flame holder yielded
gimiler results and combustion efficiency varled from values of
20 to 35 percent over the range of operable fuel-air ratio.

Effects of Combustion-Chamber-Inlet Conditions
on Combustion-Chamber Performance

Relations between the combustion-chamber-inlet variables, combus-
tion efficlency 1y, combustion-chamber-inlet static temperature to,

COVPIPERELALS
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combustion-chamber-inlet veloclty V5, fuel-air ratio £/a, and

gas total-temperature ratlio T are presented in Figures 8 to 10 for
flame holder 71-7 wlth fuel pattermns 1l and 4. Inasmuch as changes
in the combustion-chamber-inlet statlic pressure ps; have been
shown to have negliglble effect om 1} for most of the range of po
investigated herein (references 2 and 7), pz 18 not considered as
one of the variables that influence 7.

Static temperature. - The effect of combustion-chamber-inlet
statlic temperature t; on 10}, at approximately constant velues
of f/a apnd V, 1is shown in figure 8. These data indicate that
My Increases as tp 1s raised from & value of approximately 359
to 130° F at constant conditions of Vo and f£/a, and the rate of
inorease appears to be different for various values of Vo and f/é.
This trend of 173 wlth lncreasing i 1s similar to trends shown
in reference 8. At an approximate Vo of 213 feet per second and
f/a of 0.040, 7} was increased from g velue of 60 to 77 percent
as t, was raised from 32° o 125° F. Combustion-chamber stabllity
decreased and the maximum V,; at which combustion could be maintained
was lowered from 265 to 213 feet per second as to was lowered
from 130° o 35° F with kerosene as fuel.

Fuel-air ratio and velocity. - The relations between T, and
f/a, and Vo and 7} are presented In figures 9 and 10, respec~
tively. At constant ty; and Vp, 0 decreased as f/a was
raised over the range investigated. For tp of 130° % 20° F and
Vo about 260 feet per second, 1), was reduced from a value of
about 71 percent to 56 percent as f/a was ralsed from 0.045 to
0.059 (fig. 9(a)). Over the same range of f/a and at the same
value of V2, T appeared to increase slightly as f/a was raised,
inssmuch as the greater heat input counterbalanced the reduced com-
bustion efficiency (fig. S(b)).

In order to determine the effect of increasing the tlme available
for combustion, an experiment was conducted using the 9.62-foot
combustion chamber, hereinafter referred to as the "long combustion
chamber", in which the length was increased by a factor of 1.71. An
improvement in performance was obtained with this conflguratlion. At
an approximate f/a of 0.060 and Vo equal to 225 feet per second,
N, was ralsed from a value of about 69 percent to 82 percent when
the long combustion chamber wes used in lieu of the 5.62-foot com-
bustion chamber (fig. 10).

Date in figure S were cross-plotted, as shown in figure 10, to
show more clearly the relation between 1, and V,. Over the
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range investigated, 1, decreased as V; was increased above &
value of 228 feet per second.

Fuels

The effects of four fuels on combustion-chamber performance are
shown in figures 8, 11, and 12. A comparison of performance with
kerosene and with propylene oxide in the configuration with flame
holder 71-7 and fuel patterms 1 and 4 is presented in figure 9.
Effects of the blend of propylene oxide and kerosene are shown in
figure 11 for the burner with flame holders 80-1 and 71-4B and
fuel patterns 4 and 3P. Effects of gasoline and kerosene for the
configuration with flame holders 80 and 71-4B, fuel patterns 1 and 4,
and the 14.75-inch-diameter orifice plate are shown in flgure 1Z2.
Use of elther propylene oxide or the blend of 25-percent propylene
oxide and 75-percent kerosene resulted in increased 13, better
stabllity, and smoothness of combustion. Use of propylene oxide
also resulted in ignition at higher values of Vz; and a wider
operable range of f/a. At a pressure altitude of 30,000 feet, the
maximum Vs at which ignition could be obtailned with flame
holder 71-7 was railsed from 350 to 500 feet per second when propylene
oxide was substituted for kerosene in the configuratlion wlth flame
holder 71-7 and fuel petterns 1 and 4. When the fuel was changed
from kerosene to propylene oxide, 1}, was raiged from a value of
59 to 85 percent at f£/a of 0.070 and the same tp &nd Vo
(fig. 9(a)). At fuel-air ratios of 0.78 of stoichiometric for the
two fuels, 1, was raised from a value of 72 to about 84 percent
when the fuel was changed from kerosene to propylene oxide. The use
of gasoline, however, resulted in inappreciable differences (fig. 12).

Inasmuch as the heating value of propylene oxlide ia much lower
than that of kerosene, T obtained at an f£/a of 0.070 with both
fuels is approximately the same, despite the higher 1y, obtained
with propylene oxide (fig. 9(b)). Higher values of T were
obtained when the blend of propylene oxlde and kerosene was sub-
stttuted for kerosene (fig. 11(b)). This increase in T might be
attributed to the addition of propylene oxide to kerosene, which
suffictently increased the volatility and chemleal activity to
improve mp without materially decreasing the heating value. Uss
of either propylene oxide or the blend of propylene oxide and
kerosene enabled attalnment of burning with good 1} at higher f/a,
however, and higher meximum values of T were therefore obtained
with these fuels than with kerosene.
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Burning with Tnoperative Stage

Performance of the configuration with flame holders 80-1 and
71-4B and fuel patterns 1 and 4 is presented In flgure 13 with both
atages operating and with the second stage inoperative. When very
rough opseration was obtalned, visual observatlons conflrmed the
belief that flames were clinging only to the primary stage (80-1)
and the secondary stege was inoperative. The value of 13 was

reduced from a value of about 54 to 47 percent when the secondary
flame holder became inoperative at an approximate f/a. of 0.053
and Vz of about 275 feet per second.

Pressure and Veloclty Surveys

Total-pressure-drop coefficlents across the combustlon chember
for each flame-~holder configuration investigated are presented as
functions of the combustlion-chamber-Iinlet Mach number Mz In

Tigure 1l4. Values of the total-pressure-drop coeffliclent across
the various flame holders varled from sbout 0.95 to 2.76 over the
range of My from 0.08 to 0.32. Each burner had an essentially
constant pressure-drop coefficlent, except the configuration with
flame holders 80 and 79, for which the coefficlent changed from
1.55 at Mo of 0.10 to 1.86 at Mz of 0.29. For the configura-
tion with flame holder 71-7, the coefficlent had & constant wvalue
of about 1l.45.

Profiles of dynamic pressure q and alr flow per square footb
per second upstream of the fuel injectors and at the combustion-
chamber inlet are presented In figures 15 and 16, respectively. The
dynamic pressures and the radial location of 'fuel-InjJector tubes
are shown in figures 15(a) and 16(a). Meximum values of q ahead
of the fuel injector near the approximate mean fuel redius
(fig. 15(a)) indicate favorable conditions for good fuel-air
mixing. Profiles of q obtained for the choked and unchoked
conditions at the combustion-chamber outlet or with and without
burning differed very little. Among the causes of changes in pro-
files on both sldes of the Puel injector are the added diffusion of
the air and injection of fuel, as well as turbulence induced by the
fuel injector. The alr-flow profiles presented 1n figures 15(b)
and 16(b) for the conditions corresponding to those in figures 15(a)
and 16(a) indicate little difference in the profiles behind the fuel
injector obtained for choked and unchoked conditions or with and

without burning.

Values of static and total pressures at the cambustion-~-chamber
outlet at conditions corresponding to those of the previous figures

e
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are presented In figure 17. Deta for the unchoked condition with
burning are unevailable. For the condition without dburning, the
distribution of total and static pressures is relatively flat; when
burning occurs, the valuss of total and statlc pressure change but
the distribution remains relatively flat.

SUMMARY OF RESULTS

From an investigation of a Bumblebee 18-inch ram jet iIn the
NACA Lewls altitude wind tumnel under comtrolled conditions of
pressure altitude and equlvalent free-stream Mach number, the
following results of combustion-~chamber performance were obtalned
using several rake- or gutter-type flame holders and four different
fuels:

1. Best performence was obtalned with the configuration that
conslsted of rake-type flame holder 71-7 and fuel patterns 1 and 4.
The three rakes connected by gutters to the pilot-combustion-chamber
outlet appeared to be more effective as flame holders than the
other three rakes.

2. Use of elther propylene oxide or & blend of 25-percent
propylene oxlde and 75-percent kerocsene instead of kerosene as fuel
resulted in higher combustion efficlencles and better stability of
combustion. When propylene oxlde was used, ignition at higher wvalues
of combustion-chamber-inlet velocity and wlder operable range of
fuel-alr ratios were obtained than with kerosene. At a fuel-air
ratio of about 0.070, the combustion efficlency was raliped from an
approximate value of 59 percent to 85 percent when the fuel was
changed from kerosene tb propylene oxide.

3. Over the range investigated, the combustion efficlency
increased as the combustion-chamber-inlet static temperature was
reiged from 35° to 130° F at constant conditions of inlet velocity
and fuel-air ratio. At a cambustion-chamber-inlet veloclty of
about 213 feet per second and an approximate fuel-alr ratioc of
0.040, the combustion efficiency was increased from a value of
80 to 77 percent as the combustion-chamber-inlet statlc temperature

was ralsed from 32° to 125° F.

4, At the same combustion-chamber-inlet conditions of fuel air
ratio, velocity, static temperature, and static pressure, approxi-
mately equal velues of gas total-temperature ratlio were obtalned
with either kerosene or propylene oxide. Use of the blend of
25-percent propylene oxide and 75-percent kerosene inatead of
kerosene resulted in generally higher values of gas total-temperature

ratio.
Hé r- EE. xS
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5. Higher values of fuel-air ratlio and combustion efflolency
attained with either propylene oxide or the blend of propylene oxlde
and kerosene resulted in higher maximum values "of gas total-tempersture
ratio across the engine than those obtalned with kerosene.

-

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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Faore 1. ~ Installation of Bumblebse 18-inoh ram Jot in NACA Lewls altitude wind tunnel.
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Combuation~chamber-inlst
pregsure-survey raks,

station 2
o Hydrogen line .
Pilot fuel nozzls
Spark plug
Rake-type flame holder
rl’ual inJector

/]

Lrilot combuetion chamber

Center body
—Alr-duct ocutlete -

Figere 2, - Schematic diagram of burner for Bumblebee 18~inch ram Jat ehowing rake-type flame holder installed.
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Outer wall

Center body

Filot alr
duct

Fuel patterm 4

{a) Fue) patterns 1 and 4, (b) Fuel patterns 4 and 5P.

Figure 3. - Schematlc disgram of multiple-crifice fusl-injectlon eystem ehowing fuel-injsotion points.
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NACA RM No.

E8I01a SRR E ORI TR

‘(a) Before operation.

(b} After operation.

Figure 4. - Photographs of rake-type flame holder 71-7.
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NACA RM No. E8l0Ia SOWNETDERT LAY

C-20043
11-21-47

(b) Modified flame holder.
Figure 5. - Photographs of original and modified rake-type flame holders 71-4B.
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P
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b !w

. ]t:;_ R
T
PA

%/ |

E C- 20047 ' BT ] : . C-20691
11-21-47 [ e i Ch 2-10-48
(2} ¥leme holder 80 with 1.75-inch-wide gntters. {b) Flame holder 80-1 with 4.25-inch-wida guttara, -
C.20692
2-10-48

{c) Fiame holder with six R.75-inch-wide gutters,

Figure 6. - Primary-stege gutber-type flame holders.
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NACA RM No. E8IOla QENETUERITEY 27

C-20045
. 11-21-47

(2) Fleme holder 79 with 4.25-inch-wide gutters.

(v) Stx-scoop flame holder.

Figare 7. - Secondary-stage flame holders.
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Figure 8, - Effects of combustion-chamber-inlet statloc temperature on combustion efficlency
for various valuea of fuel-air ratio and combustion~chamber-inlet velooity. Flame holder
71-7 and fuel patterns 1 snd 4 with kerosene aa fuel,
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Figure 9. - Effects of fuel-air ratio, combustion-chamber-inlet

Fuel-air ratio, f/a

(b) Gas total-temperature ratio.

velocity, fuel, and combustlon-chamber length on combustion-
chamber performance. Flame holder 71-7 and fuel patterns 1 and 43
combustion-chamber-inlet static temperature tg, 130° % 20° P,
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NACA RM No. E810la EErPEEST EAL

Kerosene

— — —=— Propylene oxide
A 9.62-foot combustion

chamber; kerosenej;
f/a, approximately

0.059
90
Fuel-alir ratio,£/a [.070C
.~ 20804 -~
g
[+]
& A
& 80
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>
© 350
g .dss ~N O\
o Lde5 L. N NN
Q \
§ .d70 \\\\
s € N N
o
B .015 i
g
S N '
50

190 210 230 250 270
Combustion-chamber-inlet veloecity, Vs, ft/sec

Figure 10, = Relation between combustion-chamber-inlet veloclty
and combustion effliciency for wvarious values of fuel-air ratio
and two fuels, Flame holder 71«7 and fuel patterns 1 and 4
combustion-chamber-inlet static temperature tg, 130° % 20° F,
(Cross plot of fige. 9.)
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Figure 11, - Effects of operation with kerdsene or a blend of 25-ﬁercent

propylene oxide and 75«percent kerosene on combustion-chamber
Flame holders 80-1 and 71-4B and fuel

performance.
combustion~-chamber-inlet static temperature
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NACA RM No. ESIOla QENFFOENTIAR
=
]
(3]
% Fuel
2, e
- lo) Kerosene
g? m] Gasolline
5 70 Combustion—chamber-
g inlef velocity
- V2, ft/sec —176
o 4
Gt —
e 1957 —_
=] 60 lég 175
3 o
FLY
- ]
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]
S 50
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Fusl-air ratilo, £/a

Figure 12, — Effects of operation with kerosene and gasoline on
combustion efficiency for flame holders 80 and 71-4B with fuel
patterns 1 and 4 and 14.75—inch—dlameter orifice plate at
combustion—~chamber outlet. Combustion—-chamber—-inlet statle
temperature t5, 130° + 20° F.
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O Both stages
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Pigure 13. - Relatlon between fuel-air ratio and combustion
efficiency for two-stage flame holder with both stages opera-
tive or with secondary stage inoperative with kerosene as fuel.
Fleme holder 80~1 and 71-4B and fuel patterna 1 and 4;
combustion-chamber-inlet static temperature tg, 130° t 20° F.
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Total-pressure-drop coefficlent

GNRTETUENTTRR: NACA RM No. EBIQIa
Flame holder
o 71-7
] 80 and 71-4B
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A 80 and 79
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&
Q
<
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Combustion~chamber-inlet Mach number, Mg

Figure l4. -~ Relatlion between combustion-chamber-inlet Mach
number and total-pressure~drop coefficient acrose burner for
several rake-type and gutter~type lame holders,
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Figure 15, = Profile of dynamic pressure and air flow upstream of
fuel-injector tubes, Flame holder 71l-7 and fuel patterns 1 and
4; combustion-chamber-inlet static temperature g, 130° & 20° F,
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Figure 15.- Concluded, Profile of dynamlc pressure and air flow
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Flame holder 71-7 and fuel
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Figure 16, = Profile of dynamlc pressure and air flow downstream
of fuel=-injector tubes, Flame holder 71-7 and fuel patterns

1 and 4% gombustion-chamber-inlet statlec temperature tg,
130° * 200 F,
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Plgure 17. - Survey of pregsures across combustion-chamber outlet. Flame holder 71-7 and
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